The influence of antigen retrieval (AR) techniques on immunoreactivity in formalin-fixed, paraffin-embedded tissues is recognized. In focal reactive overgrowths of oral mucosa, we noted that patterns of immunoreactivity to a fibronectin polyclonal antibody were dependent on methods of AR. To establish these patterns we investigated eight pyogenic granulomas and eight fibroepithelial polyps. In the absence of AR no immunoreactivity was observed. After a-chymotrypsin AR a band of intense immunoreactivity was associated with vascular endothelial cells, with either minimal or no staining of connective tissue. After microwave AR immunoreactivity was observed in connective tissue, especially in the subepithelial region, but there was no specific vascular staining. After autoclave AR immunoreactivity was observed in connective tissue and also in epithelial nuclei.
Introduction
Fibronectin is a ubiquitous, mosaic glycoprotein that has structural and functional roles in extracellular matrix organization (1,2). Increased amounts of fibronectin occur in connective tissue during normal physiological processes, such as embryogenesis and wound healing, and in diseases states such as neoplasia and keloid scarring (3) (4) (5) (6) . The interaction of fibronectin with other components of the extracellular matrix not only has a structural role but also enables fibronectin to mediate complex signals that influence many aspects of cell behavior, including cell anchorage, polarity, migration, state of differentiation, and gene expression (2,3,5,7,8). Conversely, fibronectin matrix assembly requires the presence of viable cells (8) .
The pyogenic granuloma (PG) and fibroepithelial polyp (FEP) are two examples of focal reactive overgrowths of oral mucosa (9) . The richly vascularized loose connective tissue of PG contrasts with the densely collagenous well-organized connective tissue of FEP. ' Correspondence to: AJ. Mighell, Div. of Dental Surgery, Leeds Dental Inst., Clarendon Way, Leeds, UK LS2 9LU.
To determine if these results represented either changes induced by tissue fmtion and processing or exposure of epitopes normally masked in vivo, we investigated frozen sections ftom two fibmepithelial polyps and one pyogenic granuloma. In frozen sections immunoreactivity was observed around vascular endothelial cells and within connective tissue, especially in the subepithelial region, but not in epithelia. This study provides in& evidence that a-chymotrypsin and heat-mediated AR protocols expose different masked epitopes, and reinforces the need to undertake appropriate pilot studies for immunohistochemical investigation of archival tissue. (]Hisrochem Cyrochem 43:1107-1114,1995) KEY WORDS: Fibronectins; Human; Immunohistochemistry; Antigen retrieval technique; Microwaves; Chymotrypsin; Autoclave; Pyogenic granuloma; Fibroepithelial polyp.
During investigation of the extracellular matrix of formalin-fixed, paraffin-embedded PGs and FEPs, it was noted that the patterns of immunoreactivity to a fibronectin polyclonal antibody were dependent on the method of antigen retrieval (AR).
This study aimed to define the factors that influence patterns of fibronectin immunoreactivity in formalin-fixed, paraffinembedded PGs and FEPs after either no AR or one of three AR protocols. In addition, comparison of staining patterns in fixed and frozen sections was investigated to determine if the AR methods were exposing either epitopes present in frozen tissue, but masked by fixation and tissue processing, or epitopes masked in frozen tissue by protein tertiary structure.
Materials and Methods
Polyclonal Anti-fibronectin Antibody. A polyclonal antibody to purified human fibronectin was obtained as immunospecific purified rabbit antiserum in 0.01 M PBS, pH 7.4, containing 1% bovine serum albumin and 0.1% sodium azide (F-3648; Sigma; Poole, UK). The manufacturer reported the antiserum to be immunospecific for human fibronectin as judged by immunofluorescent labeling of human fibroblast cell cultures, ELISA, and immunoblotting. Dot blot assay identified no reaction with collagen IV, laminin, vitronectin, or chondroitin sulfates. Identity and purity of the antibody were established by immunoelecuophoresis, and demonstrated 1-2 arcs of precipitation vs normal human plasma. Electrophoresis of the antibody preparation followed by diffusion vs anti-rabbit IgG and anti-rabbit whole serum resulted in single arcs of precipitation.
Formalin-fixed, Paraffin-embedded Tissue. Archival specimens of oral PGs and FEPs fixed in 10% formal saline and paraffin-embedded were retrived from the histopathology files of Leeds Dental Institute. From routine 4 -~m hematoxylin-and eosin-stained sections, eight PGs and eight FEBs were selected. In addition, the two FEPs and one PG used for frozen sections (see below), were fixed in formol saline at 20°C for 24 hr and paraffinem bedded.
Fibronectin immunoreactivity was visualized by an indirect peroxidase method conducted at 20°C except where stated otherwise. Sections [4 bm thick on 3-aminopropyltriethoxysilane (APES) (A-3648; Sigma)-coated slides] were dewaxed by passage through xylene and hydrated with ethanol. Endogenous peroxidase was blocked by incubation in 0.1% (vh) H202 in methanol for 20 min, and slides were then washed for 5 min in 0.05 M Tris-HCI buffer (pH 7.6) containing 0.15 M sodium chloride (TBS).
Five AR methods were compared with each other, and omission of an AR method. (a) For a-chymotrypsin AR, sections were incubated for 20 min in 0.1% (wlv) a-chymotrypsin (C-4129; Sigma) containing 5 mM CaC12 (pH 7.8) in a copling jar placed in a 37°C water bath. (b) For microwave AR, batches of 24 slides in either 500 mlO.01 M sodium citrate buffer (pH 6) or 500 ml Tris-HC1 (pH 7.8) were heated with a "Tricity" microwave oven (maximal power 621 W). The buffer was heated to boiling point over approximately 5 min. boiled for 5 min, and then allowed to cool for 15 min. (c) For combined AR. the a-chymotrypsin AR protocol was followed except that sections were incubated with a-chymotrypsin for only 5 min, then washed for 5 min in TBS, after which the microwave AR protocol with citrate buffer was followed, except that sections were not maintained at boiling point for 5 min. (d) For autoclave AR, sections were placed in a pyrex beaker containing 500 ml citrate buffer, which was heated for 2 min in saturated steam at 126°C. 1.6 bar (23 psi) in a Prestige Medical Autoclave (2075) and then allowed to cool for 15 min.
All sections were washed in TBS for 10 min before blocking of nonspecific protein binding sites by 10-min incubation with 20% (vlv) normal swine serum (NSS) (X901; Dako, High Wycombe, UK) in TBS. Sections were incubated in a humidified chamber for 60 min with 1:200 (vlv) fibronectin antibody diluted in TBS and then washed for 20 min in TBS. Sections were incubated in a humified chamber for 30 min with peroxidaseconjugated swine immunoglobulins to rabbit immunoglobulins (P217; Dako) diluted 1:25 (v/v) in 5 % NSS in TBS and then washed for 20 min in TBS.
The stain was developed over 15 min with 3 mM 3,3'-diaminobenzidine (D-5637; Sigma) in TBS containing 1:600 (vlv) 40% H202. Sections were washed in running tapwater for 10 min, lightly counterstained with Mayer's hematoxylin and lithium chloride, dehydrated through ethanol and xylene, and mounted in dibutyl phthalate in xylene (DPX).
Negative controls included parallel sections from which either the primary or secondary antibody was excluded. Anti-fibronectin antibody was incubated with either 0.08, 0.4, 2. 10, or 50 nM/ml fibronectin protein (FC010; Chemicon, London, UK) in TBS for 24 hr at 4°C. The antibodylprotein incubates were used to replace the primary antibody after either 20min a-chymotrypsin or 5-min microwave AR protocols in tissue fixed for 24 hr. In a parallel series of experiments, fibronectin protein was replaced with human albumin (A-1653; Sigma). Sections of oral squamous cell carcinoma were used as positive controls.
Frozen Tissue. Fibronectin immunoreactivity of two unfixed FEPs and one unfixed PG stored in liquid nitrogen (-70°C) was visualized using an indirect fluoroscein isothocyanate (FITC) method conducted at 20°C except where stated. Cryostat sections (6 pm thick on APES-coated slides) were fixed in acetone at -20°C for 60 sec, allowed to air-dry on the bench top for 10 min, and washed in TBS for 5 min. Sections were incubated in a humidified chamber for 60 min with 1:400 (v/v) primary antibody diluted in TBS. followed by a 20-min wash in TBS. Sections were incubated in a darkened humidified chamber for 30 min with FIT-conjugated swine IgGs to rabbit IgG (Dako; F205) diluted 1:20 (vlv) in TBS and then washed for 90 minutes in TBS. Sections were mounted io PBSlglycerol [ 50 ml PBS, 50 ml glycerol, 0.5 g 1,4-diazabicyclo(2,2,2) octane (28642; BDH, Lutterworth, UK). corrected to pH 8.6 with ammonium chloride] and were prevented from dehydrating by sealing the cover slips to the slides with nailpolish. A Zeiss fluorescence microscope (excitation wavelength 490 om) fitted with epifluorescence and standard FITC filters was used. Negative controls were as for the formalin-fixed, paraffin-embedded sections.
Results

Formah -fixed, Paraffin-embedded Tissue
In the absence of AR, no fibronectin immunoreactivity was detected in any specimen. Immunoreactivity was observed in all specimens after AR, although staining patterns were dependent on the method of AR. In PGs and FEPs after a-chymotrypsin AR, immunoreactivity was restricted to a defined band, basal to endothelial cells lining some vessel lumens, particularly where there was a vessel wall several cells thick ( Figure 1 ). Immunoreactivity of surrounding connective tissue was minimal, although diffuse staining was associated with vessels in areas of epithelial ulceration in PGs (Figure 2) .
After microwave AR with either citrate buffer (pH 6) or Tris-HCI buffer (pH 7.8). identical patterns of fibronectin immunoreactivity were observed, with staining distributed throughout much of the connective tissue of FEPs and PGs. In PGs, intense immunoreactivity was observed in interlacing fascicles that intersected areas of loose, unstained connective tissue, and staining was particularly intense in subepithelial connective tissue (Figure 3) . In FEPs, diffuse immunoreactivity was observed throughout connective tissue, with a relative increase in stain intensely in the subepithelial region. Immunoreactivity was observed in connective tissue around some blood vessels in FEPs and PGs after microwave AR, but there was no intense band of immunoreactive basal to endothelial cells as described for a-chymotrypsin AR (Figure 3) .
After autoclave AR, immunoreactivity was observed in connective tissue as described for microwave AR, but additional keratinocyte nuclear staining, either weak or intense, was also observed (Figure 4) . Loss of connective tissue but not epithelial architecture was observed in some FEPs after either microwave AR or autoclave AR. Within a batch of consecutively cut sections of the same specimen treated identically, either minimal or occasionally gross connective tissue disruption could be observed. No loss of architecture was observed in PG after microwave or autoclave AR.
Combination of a-chymotrypsin and microwave with citrate buffer AR techniques did not reveal additional areas of immunoreactivity compared with those observed for other AR protocols. Furthermore, tissue sections were liable t o disintegrate with the combined AR protocol, even ifthe lengths of microwave and a-chymotrypsin AR were shortened from 10 min and 20 min, respec-. . No immunoreactivity was observed when the primary or secondary antibody was omitted. Specificity of the anti-fibronectin polyclonal antibody was confirmed by incubation of the antibody with either fibronectin or albumin protein before incubation with tissue sections. Fibronectin immunoreactivity decreased in intensity as the concentration of fibronectin protein increased. After a-chymotrypsin AR. no immunoreactivity was observed after incubation of anti-fibronectin antibody with 2 nMlml fibronectin protein. After microwave AR, very weak and no fibronectin immunoreactivity was observed after incubation of anti-fibronectin antibody with 10 nMlml and 50 nMlml, respectively, of fibronectin protein. After either a-chymotrypsin AR or microwave AR, fibronectin immunoreactivity remained intense after antifibronectin antibody incubation with human albumin, irrespective of the protein concentration.
Frozen Tissue
In FEPs and PGs, strong fibronectin immunofluorescence was present around some blood vessels, particularly those with an obvious wall (Figure 5 ) . In FEPs weak, diffuse immunofluorescence was observed within connective tissue (Figure 5) . particularly beneath epithelium, whereas in PGs the connective tissue staining was more intense and compartmentalized. Epithelia were negative. No autofluorescence was present in positive sections and no fluorescence was observed in negative sections. 
Discussion
The results presented support a recent report that described the influence of AR technique on patterns of immunoreactivity. Langlois et al. (10) observed that staining patterns for a polyclonal antibody to protein gene product 9.5 were similar for fresh tissue and for fixed tissue after trypsin AR but that an additional population of immunoreactive cells was present after microwave pre-treatment of fixed tissue. Frozen sections are recognized as the gold standard in representative staining patterns in immunohistochemistry. The patterns of fibronectin immunoreactivity we observed in frozen sections were similar to reported investigations of frozen normal oral mucosa and healing oral mucosal wounds (11) (12) (13) . These studies describe diffuse fibronectin staining in connective tissue, with more intense staining in subepithelial connective tissue and in association with vascular endothelium. Compared with frozen sections, the staining patterns we observed for a-chymotrypsin AR and microwave AR did not identify any additional areas of immunoreactivity but consistently identified restricted staining patterns. However, if the patterns of immunoreactivity observed after either a-chymotrypsin AR or microwave AR were superimposed on each other, the resultant combined staining patterns were similar to those observed in frozen sections. In contrast, after autoclave AR epithelial nuclear staining that was not present in frozen sections was observed. The technique-dependent patterns of fibronectin immunoreactivity described in this study may relate to inadequate specificity of the primary antibody, artifact introduced by tissue fixation and processing, or mechanisms of AR.
Inadequate specificity of the primary antibody may reflect either contamination with antibodies specific to epitopes not present in the target protein or crossreactivity between the antibody and similar epitopes in other proteins. The safeguards undertaken by the manufacturers to ensure that the primary antibody used was immunospecific for fibronectin are outlined in Materials and Methods, but extraneous immunostaining due to contaminants has been observed with commercially available antibodies (14) . The decrease in intensity of fibronectin immunoreactivity observed after incubation of the anti-fibronectin antibody with increasing concentrations of fibronectin protein, but not albumin protein, confirmed primary antibody specificity. Fibronectin Type I, 11, or 111 modules are present in many proteins, with at least 65 proteins containing type 111 modules (15) . The possibility of crossreactivity between the primary antibodies in the antiserum and other proteins containing fibronectin modules cannot be discounted, and this may explain the keratinocyte nuclear staining observed only after autoclave AR. Alternatively, nuclear staining may be nonspecific and reflect artifact induced by the high autoclave temperature (126"C), particularly as the patterns of fibronectin immunoreactivity we observed after either a-chymotrypsin of microwave AR are consistent with previous published investigations of oral mucosa (11) (12) (13) . Under a different set of extreme conditions, Shi et al. (16) observed inappropriately immunoreactive nuclei for a range of monoclonal antibodies specific to cellular antigens when microwave antigen retrieval was conducted in very acidic buffer (pH 1-2).
Tissue handling can have a significant effect on immunoreactivity by destroying or masking antigens. The tertiary protein structure determines if an epitope is either exposed and accessible to its complementary antibody or is masked within the folded protein structure. In vivo, the tertiary protein structure is influenced by the polypeptide composition and post-translational modifications (2,8,17) . Different fibronectin isoforms are generated by alternative splicing of the single fibronectin gene at three regions (EDA, EDB, and IIICS), with different spatiotemporal isoform distribution in normal fetal and adult tissue, wounds, and neoplasia (10, 18-23). Fibronectin undergoes several post-translational modifications that influence tertiary protein structure and function (24). For example, glycosylation alters the binding of fibronectin to gelatin, protects fibronectin from proteolysis, and results in a different protein conformation with a restricted spatio-temporal tissue distribution (1 1,25-29 ). Tissue fixation may mask epitopes exposed in vivo, probably via protein cross-linking or alteration of the tertiary structure of the target protein (30-32). The type, temperature, and duration of fixation are particularly significant for some antibodylantigen combinations but are unknown for fibronectin. Understanding of the influence of other aspects of tissue processing on epitope availability is limited but can be important (33-35). For example, immunoreactivity of nuclear antigens, such as proliferating cell nuclear antigen, decreases if tissue sections are "hot-plated' onto glass slides (36). In this study the lack of fibronectin immunoreactivity in formalin-fixed, paraffin-embedded material in the absence of AR confirms the influence of tissue processing. Which aspects of tissue processing were responsible for these differences is unknown, although fixation conditions are the most important factor influencing immunoreactivity to many antibodies. Some epitopes masked by tissue fixation and processing can be exposed via use of either enzyme or heat-mediated AR techniques (16,30,31,37-42) . The technique-specific patterns of fibronectin immunoreactivity described in this study can be explained in two ways. Vascular endothelium and connective tissue may respond differently to tissue processing and AR, irrespective of the fibronectin isoforms present. This is difficult to support from current knowledge but cannot be discounted. Alternatively, some fibronectin isoforms may respond differently to a-chymotrypsin and microwave AR, with selection of particular isoforms by enzyme and heatmediated AR protocols.
After a-chymotrypsin AR the most intense staining was associated with vessels with a defined wall several cells thick, which suggests a specific association between staining and vessel morphology, and possibly vessel function. This is consistent with a previous investigation of freshlfrozen sections of normal rat tongue, in which immunoreactivity to a monoclonal antibody specific for the EDA fibronectin splice variant was restricted to endothelia of some larger blood vessels (11) . In PG after microwave AR, fibronectin immunoreactivity was most intense in interlacing fascicles that intersperse loose, unstained connective tissue. The fascicles may represent connective tissue organization and a switch to a more fibrous, organized connective tissue. By contrast, in FEPs after microwave AR, fibronectin immunoreactivity was less intense and more evenly distributed through the connective tissue of each section. This is consistent with the densely collagenous connective tissue histological appearance of FEP, and probably reflects connective tissue quiescence with minimal turnover.
Unfortunately, the mechanisms of AR in fixed and processed tissues are poorly understood. The diversity of proteolytic enzymes used for AR, such as trypsin, pepsin, protease, and pronase, suggests that the mechanism is nonspecific, although enzyme concentration and duration of digestion can be important in obtaining optimal immunoreactivity for different antigens (30,31,37 ). It has been suggested that enzymes have limited effectiveness in paraffin sections and possibly only break surface loops (30,43). Nonenzymatic or heat-mediated AR techniques include either microwave, pressure cooker or hotplate heating of tissue sections in either water, a variety of carboxylic and organic compounds including citrate buffer, or metal and salt solutions including aluminum chloride (16,30,38-42 ). High temperatures probably expose masked epitopes by peptide cleavage, disruption of fixation cross-links, and alteration of protein tertiary structure. Microwave irradiation is not crucial to antigen unmasking, and identical results can be achieved by heating with either a conventional hotplate or a microwave (39). However, microwave heating tends to be preferred because of its ease of use, particularly with regard to a shorter period of heating. Although autoclave heating has many similarities to other heating methods, the higher temperatures achieved mean that the antigen retrieval conditions are different. This is reflected in this study, with immunoreactive nuclei observed after autoclave AR but not after microwave AR. In addition to temperature, the composition of the buffer solution, including the pH, can have a marked influence on staining intensity for some antibodylantigen combinations (16,30,31,40-42) . Investigation of the influence of buffer composition has been mostly restricted to cellular antigens (nuclear, cytoplasmic, or cell membrane) and little is known about the in-fluence of buffer composition on immunoreactivity of extracellular matrix proteins. In this study, initial microwave AR was undertaken in citrate buffer (pH 6). This raised the possibility that the different patterns of fibronectin staining observed after a-chymotrypsin AR (pH 7.8) and microwave AR in citrate buffer were a function of pH. Investigation of microwave AR in Tris-HC1 bumer (pH 7.8) indicated that this was not the case. This was consistent with two views. First, enzyme and heat-mediated AR techniques unmask hidden epitopes via different mechanisms (30). Second, p H tends to exert a significant effect in microwave AR methods over a wider p H range than that investigated in this study (16) .
The association between heat-mediated AR techniques and loss of tissue architecture in FEP probably reflects the response of highly collagenous connective tissues to heat. In our laboratory, similar problems have been observed with other highly collagenous lesions, such as giant-cell fibromas and denture-related fibrous hyperplasias, but not peripheral giant cell granulomas, which contain relatively little collagen (unpublished observations). The variation in loss of tissue architecture within a batch of identically treated sections of the same specimen suggests inconsistent bonding between the tissue and the APES coating on the slide. Loss of tissue architecture has also been observed in a range of human tissues microwave-heated in strongly alkaline solutions (pH 9-10) (16). The deleterious effect on tissue morphology of a combined enzyme and microwave protocol described in this study is in agreement with a previous report (30).
AR techniques enable archival tissue to be accessed from histopathology files for immunohistochemical studies. Despite the obvious advantages of AR, the mechanisms by which AR techniques operate have yet to be fully elucidated, and we have demonstrated marked differences in patterns of immunoreactivity dependent on methods of AR. Accordingly, appropriate pilot studies should be conducted before immunohistochemical investigation of archival tissue. 
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